Mechanical stretching of ubiquitin and of its several repeats are studied through molecular dynamics simulations. A Go-like model with a realistic contact map and with Lennard-Jones contact interactions is used. The model qualitatively reproduces the experimentally observed differences between force-extension patterns obtained on polyubiquitins stretched by various linkages. The terminal-to-terminal stretching of polyubiquitin results in peak forces similar to those measured for titin-based polyproteins and of a magnitude that matches measurements. Consistent with the experimental measurements, the simulated peak forces depend on the pulling speed logarithmically when thermal fluctuations are explicitly introduced. These results validate the application of topology-based models in the study of the mechanical stretching of proteins.
INTRODUCTION
Mechanical stretching of proteins is a natural phenomenon that takes place in vivo in various cellular processes such as protein degradation by ATP-dependent proteases and translocation through membranes [1] [2] [3] [4] , cell locomotion, replication, and many other 5 . It can also be induced experimentally by means of an atomic force microscope (AFM), optical and magnetic tweezers and other. The mechanical manipulation of individual proteins is rapidly becoming an important approach to probe their structural and elastic properties (see for instance 6 ). Large proteins that play important mechanical roles such as muscle titin had already been extensively studied experimentally [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and these investigations were soon followed by theoretical studies of single [17] [18] [19] [20] and multiple [21] [22] [23] domains of titin. In this paper, we consider stretching of ubiquitin. Ubiquitin is an α/β protein which varies little across species in eucariotic cells. The human ubiquitin is a small protein composed of 76 amino acids 24 25 which is able to naturally form polyproteins that are connected either through their N-C termini or through the C terminus and one of the four lysine residues (K63,K48,K29,K11). Polyubiquitins tag other proteins and in the linkage-dependent manner destine them e.g. for degradation by proteasomes [26] [27] [28] or direct them for transport through cell membranes 29 .
AFM studies of ubiquitin exploited its unusual ability to form homopolyproteins which can transmit the stretching forces to various segments of the monomer via different linkages (different attachment points). They focused on measuring the mechanical stability of ubiquitin monomers under various stretching conditions 30 31 and demonstrated the existence of well defined stages in ubiquitin folding 32 . The stretching studies 30 have indicated that elastic properties of these polyproteins are linkage dependent. Two specific cases have been considered: terminal-to-terminal (or the N-C polyubiquitin) and Lys48-to-terminal C (or the Lys48-C polyubiquitin). The former linkage yields titin-like sawtooth-like pattern of unfolding forces of about 200 pN separated by 24 nm, the length corresponding to the increase in the polyubiquitin contour length upon unfolding of one ubiquitin monomer 30 . The Lys48-C polyubiquitin, on the other hand, yields a distinct saw-tooth pattern with unfolding forces of about 85 pN separated by only 7.8 nm, the contour length increment that is consistnet with the unfolding of a portion of one ubiquitin monomer that encompasses Lys48 and C terminus. Steered molecular dynamics simulations of ubiquitin monomers immersed in molecular water and stretched by these two types of linkages qualitatively reproduced the differences between their mechanical unfolding patterns 30 . However, the unfolding forces determined by these simulations are an order of magnitude greater than measured by the AFM. This is because the extension rates in computer simulations are 6-7 orders of magnitude faster than the experimental rates. Because the experimentally found dependence of the unfolding forces on the pulling speed is logarithmic 31 the bridging of the gap between the steered molecular dynamics modeling and the experiment is rather unlikely (see also 23 ). The all-atom-based Monte Carlo determination of the free energy of ubiquitin monomers immersed in a continuum solvent 33 does generate the mean forces, at a given extension, which are consistent with the AFM measurements for both types of ubiquitin chains. However, the free-energy-based approach does not yield relationships between force, F, and extension, L, or force and tip displacement, d, which capture all the details of the unfolding events. The distinction between L and d is that, under the conditions of constant pulling speed, d increases linearly with time whereas L varies in time in a non-uniform manner that reflect the instantaneous tension.
The purpose of this paper is to demonstrate that simple coarse-grained and topology-based dynamical models reproduce the main features of the experimental force-extension curves of ubiquitin pulled at constant speed. We also show that the F L and F d relationships obtained on ubiquitins are linkage-dependent. In particular, the saw-tooth patterns generated by N-C-linked polyubiquitins are similar to those for titin by the same kind of a model. In addition, we show that the details of the force patterns depend on the number of monomers in the chain and that they display a strong sensitivity to the temperature. The model also correctly reproduces the dependence of the unfolding force on the stretching speed. In addition to modeling the mechanics of naturally occurring N-C and Lys48-C linked polyubiquitins, which have been investigated before using the steered molecular dynamics approach, we also consider the effects of transmitting the force to various parts of the protein by exploiting other natural and hypothetical linkages. We find that ubiquitin offers a particularly large resistance to unfolding when the stretching force is transmitted by the N-terminus and glycine 40. It should be noted that a recent Go-like modeling of ubiquitin 34 has been used to monitor refolding after stretching of polyubiquitin at constant force 32 .
MODEL AND METHOD
To model the mechanical properties of ubiquitin (PDB code 1ubq 35 ) we use the Go-like model 36 37 with the ground state corresponding to the conformation of the native state. This conformation is determined experimentally at room temperature. The details of our approach can be found in references [38] [39] [40] with the updates as detailed in references 41 and 21 . Briefly, the native contacts between amino acids are determined pair by pair and by checking for overlapping of the atoms, following reference 42 . The native contacts are described by the Lennard-Jones potentials:
The length parameters, σ i j , in these potentials are selected so that the minima of the potentials agree with the experimentally determined distance between the C α atoms at contact. The nonnative contacts correspond to a repulsive core of σ 5Å. The energy parameter, ε, is taken to be uniform and its value should be in the range 800-2300 K since it corresponds to an effective average of all non-covalent interactions in proteins. We take 900 K to be a representative value of ε. This choice corresponds to a lower energy scale than of order 2000 K that typically characterizes hydrogen bonds. However, the Lennard-Jones potentials are broader in spatial extension than those found in more realistically described interactions. The energetic effect of a potential is related to an integral over the potential. Thus making the potential more extended requires reducing its amplitude. Our previous simulations of folding 41 21 point to fast and optimal folding at the dimensionless temperatureT k B T¨epsilon of order 0.3 which corresponds to room temperature if ε is around 900 K. (k B is the Boltzmann constant and T is temperature). In addition, the simulated mechanical stretching curves also acquire similarity to experiments atT =0.3 21 22 . With ε 900 K, the unit of force used in this paper, ε¨Å corresponds to 120 pN. This choice also yields the correct magnitude of the force peak in titin at room temperature 21 .
In reference 22 , we have explored a possibility of enhancing, by a factor of two, the contacts between hydrophobic amino acids. This correction did not significantly change the forcedisplacement curves other than altering the overall energy scale. The tethering potential between the consecutive C α atoms that binds them at the peptide bond length is purely harmonic with a strong spring constant of 100 ε¨Å 2 . The model also contains a four-body chirality term that favors the native sense of chirality. This term is taken in the form as presented in ref. 43 . Its effects on protein stretching are minimal, but become significant during protein folding. Tandem arrangements of several domains are constructed by repeating 1ubq domain in series with one extra peptide link between the designated terminal residues. If necessary, a rotation 5 is implemented to avoid native steric clashes. In our stretching simulations, both ends of the protein are attached to harmonic springs of spring constant k=0.12 ε¨Å 2 which is close to the values corresponding to the elasticity of experimental cantilevers. The free end of one of the two springs is constrained while the free end of the second spring is pulled at constant speed, v p , along the initial end-to-end position vector.
Our typical v p is 0.005Å¨τ except in the simulations which were aimed at investigating the effect of the pulling speed. τ The ground state of our model corresponds to the native state of the protein at room temperature. Thus the meaning of the temperature in any Go-like model is fairly qualitative since real proteins undergo structural fluctuations already at room temperature. The temperature T should then 5 be understood as a control parameter that allows the modeling of protein fluctuations including those present under room temperature. In order to register thermal effects on the force-extension relationship it is thus necessary to average the evolution over a time interval. We demonstrate that sufficient averaging and sensitivity to persistent features is achieved by choosing the observation resolution that corresponds to a pulling distance of 0.5Å.
An equation of motion for each C α reads
F c is the net force due to the molecular potentials. The damping constant γ is taken to be equal to 2m¨τ and the dispersion of the random forces is equal to 2γk B T . This choice of γ corresponds to a situation in which the inertial effects are negligible 41 but the damping action is not yet as strong as in water. Increasing γ tenfold results in a tenfold increase in the time scales bringing the typical value of v p within two orders of magnitude of the experimental pulling speeds 41 21 . The equations of motion are solved by a fifth order predictor-corrector scheme.
RESULTS AND DISCUSSION

Stretching of one ubiquitin
The backbone representation of 1ubq is shown in Figure 1 We first consider stretching of a single ubiquitin unit. Figure 2 shows snapshots of an ubiquitin monomer stretched by external forces attached to the module at the indicated residues. These 6 simulations correspond toT 0 and the snapshots were captured at an instant when the simulated AFM tip moved by 100Å. The N-terminal is shown at the left side of each panel. In each of these three cases, the α-helix remains unraveled. When the pulling force is attached to residues 1 and 76 or to 1 and 48, the vicinity of the C-terminal extends. This is not the case when the stretching forces are attached to residues 1 and 40. In this last case, the C-terminal is still attached to the folded part of the protein. Figure 3 compares the examples of the force-displacement curves for 1ubq obtained atT of 0 and 0.3. The latterT corresponds to the thermal fluctuations experienced by the protein near room temperature 21 . Three cases of force attachment are considered in Figure   3 . N-C (the top panel) and Lys48-C (the middle panel) represent naturally occurring polyubiquitin linkages. The third linkage considered, N-Lys48 (bottom panel) does not occur naturally. However, it is informative to focus also on this portion of the protein because it experiences significant stretching forces when it is pulled by the N and C termini. In each of these three cases, the thermal fluctuations facilitate the stretching, decrease the force peaks and shift them towards shorter extensions. For a general discussion of the thermal effects in stretching see reference 21 and 45 and the experimental results of Janoviak et al. 46 .
The closer comparison of the traces obtained atT 0 
¦
It is interesting that these curves differ greatly among themselves.
Stretching by the N and C termini generates the greatest peak force -of about 4ε¨Å atT 0.
This value is close to that obtained for a single I27 domain of titin when stretched by the N and C termini within the same model 21 . In spite of the similar mechanical stability of ubiquitin and I27 domain of titin, their forc-displacement curves differ in many details. For example, the ubiquitin trace displays three well defined major force peaks compared to two force peaks of I27 domain.
In addition, the ubiquitin force peaks are broader. On raising the ubiquitin temperature toT 0 ¦ 3, the second and third major peaks in its force-displacement relationship appear closer to each other
and it is more difficult to identify them as separate peaks.
When the stretching forces are attached to Lys48 and the C-terminus, the force-displacement curve obtained atT 0 displays two major force peaks of about 2.5ε¨Å and 1.8ε¨Å atT 0.
Because, in this case, only 29 residues between Lys48 and the C-terminus are pulled, the maximum extension corresponds to approximately a half of the extension registered when the complete domain is unraveled. When the stretching is accomplished by forces attached to the N-terminus and Lys48, the force-displacement curve displays a new and distinct pattern. The first major peak is now much broader, with a maximum force of about 3ε¨Å atT 0 and it is composed of five easily identifiable peaks ranging in force between 2.3 and 3 ε¨Å . It is interesting to note that the force-displacement profile obtained upon stretching ubiquitin by its N-C termini is not a simple piece-wise superposition of the patterns obtained when stretching the protein by its N-terminus and Lys48 and by Lys48 and the C-terminus. This suggests that the stretching by the N and C termini involves breaking of the contacts that had been formed between the segments to the left and to the right of Lys48. Figure 4 illustrates the distinction between the F d and F L patterns. Consider first the pulling by the terminal points (the top panel of Figure 4 ). As the AFM tip moves uniformly, the end-to-end distance between the termini may vary in sudden jumps, especially just after crossing major force peaks. Thus when plotting F vs. L one gets a pattern which has a different visual appearance from that corresponding to the F d pattern (the top panel of Figure 3 ). When the pulling springs are attached at non-terminal points, as in the remaining panels of figure 4 , the endto-end distance is replaced by the distance between the point of attachment -L. Figure 5 further explores the dependence of the force-displacement curve on the attachment of the force to one of the remaining lysine residues and also includes a special case when the fragment between the N-terminus and glycine 40 is subjected to stretching forces. It is interesting that the tallest force peak is generated when ubiquitin is stretched by the N-terminus and Gln40
suggesting that forces transmitted by this residue need to break the most resistant bonds within the 8 protein.
Breaking the contacts between amino acids
We now follow the contacts between various residues during the stretch. We investigate the average tip displacement distance, d u , at which these contacts break definitely as a function of the contact order. The contact order is defined as the sequential distance, j i , between a pair of amino acids i and j that make a contact in the native state. For a contact to hold we require that the C α -C α distance does not exceed 1.5σ i j . Figure 6 These events need to be further validated.
We now consider the dependence of the maximum force, F max , on the pulling speed. We consider the pulling by the N and C termini and by Lys48 and the C-terminus, as shown in Figure   7 . The values of v p range from 0.00005 to 0.001Å/τ. The smallest value of v p corresponds to the highest speed used experimentally. The data points obtained forT =0 show an imperceptible dependence on v p except around the fastest speeds used in the simulations modeling the stretching of ubiquitin by lysine 48 and the C-terminus. At finite temperatures this dependence is logarithmic (the average was done over several trajectories). The slope of the lines representing this dependence seems to be affected more by the points of the force attachment (it is the greatest in the N-C case) rather than byT . 30 , correctly reproduce the difference between both types of linkages, and yield peak forces of the correct order of magnitude. The logarithmic dependence on the pulling speed ob-tained in the simulations of one ubiquitin is consistent with the experimental dependence observed for polyubiquitin 30 31 .
Stretching of five ubiquitins connected in tandem
We conclude that a simple coarse grained Go-like model captures the essential features of the experimental results obtained on ubiquitin polyproteins. This encourages its application to studying the mechanical properties of other proteins. Fig. 1 . Backbone of the native conformation of the human ubiquitin. Terminal N is a methionine and terminal C is a glycine. The residues to which forces are attached are shown in the right hand corner of each panel. 
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